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Abstract. Existing methods utilizing excitation inductances discriminate inrush current and
internal fault of transformer are all derived frdire singe-phase transformer circuit model, yet
there are no discussions considering the wideld tls®e-phase three-limb transformers. In view of
this question, the mathematical model of three-ph#wee-limb transformer based on the
characteristics of its magnetic equivalent circigit established, through which the excitation
inductances of the three-phase three-limb transorwan be calculated. The calculated excitation
inductances have definite physical meanings andrefect the saturation state of the transformer
core under inrush condition. Analysis of the citamodel demonstrates that the delta circulating
current is not the excitation current of three-ghtsee-limb transformer, so the proposed method
can be used to the transformers with delta conmedtirectly. The proposed method has been
verified by electromagnetic transients program udoig direct current (EMTDC) simulations,
simulation results show that the calculated exomainductances have different characteristics
under inrush and internal fault conditions, and banapplied to identify the inrush current of
three-phase three-limb transformer.

I ntroduction

The major difficulty facing the power transformewofection is the discrimination between inrush
current and internal fault. In recent years, neghtéques based on the transformer instantaneous
excitation inductance have been proposed to disshgnrush current from internal fault. Using the
winding voltage and the excitation current, thetantaneous excitation inductance of the
transformer can be calculated. Under inrush comditine transformer core works under saturated
condition and unsaturated condition alternately.ewhinder unsaturated condition, the magnetic
permeability of transformer core is very high, atid instantaneous excitation inductance is
relatively large; while under saturated condititiie magnetic permeability of transformer core is
very small, so is the excitation inductance. Thsantaneous excitation inductance varies between
large value and relatively very small value altéehaand can reflect the saturation condition of
transformer core under inrush condition. When rirdé fault occurs to the transformer, the
calculated inductance parameter is very small aasichlly doesn't change. Based on these
characteristics, inrush current can be identified].

The schemes utilizing transformer excitation indnce described in [1-4] are all based on the
T-type equivalent circuit model of the single-phasansformer, so are the simulation and
experimentation. While for the widely used three-phase three-limb tramsés in power
system, there aren’t any discussions dedicatetoyt.i

In common calculative use in power systems, suckhast circuit current calculation, power
flow calculation, the focus is in fact on the redaship between coil voltage and coil current under
unsaturated condition, the excitation current & transformer can be neglected in this case, so
same model is used to three-phase bank compossihglé-phase transformers and three-phase
three-limb transformer except the difference ofozeequence parameters. But the excitation
inductance which varies according to the saturasitate of the transformer core represents the
relationship between winding voltage and excitatarnrent, in this condition there are differences
between three-phase bank and three-phase thredrbmdformer.
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First, for three-phase three-limb transformer, ¢hare mutual magnetic fluxes between phases
through transformer core. So in terms of each wigdroltage, all three phase currents are its
excitation currents corresponding to the main magrilix. Because of the structure of the core,
the inductance parameters of three-phase threettmnisformer are asymmetric, and the degree of
the asymmetric is affected by the asymmetric stturastate of the transformer core. This makes
the three-phase three-limb transformer unable tdrfeak down into three independent T-type
circuit models. For three-phase three-limb tramafn the inductance parameters calculated
through T-type model have no definite physical niegs) and can't correctly reflect the saturation
condition of the core. So their characteristicsdiffecult to analyze, and also difficult to be wasim
deciding the transformer protection criterion.

In addition, for the transformer with wye-delta oewtion, the role played by delta side
circulating current (which is also the zero-modenponent of winding current) in three-phase bank
and three-phase three-limb transformer is differEot the three-phase bank, delta side circulating
current is part of the excitation current. Wherncakldting excitation inductance, because the delta
side winding currents can’t be measured in mosegasonsiderate error may be yielded if
neglecting the delta side circulating current, arake it difficult to distinguish inrush current fro
internal fault. Reference [4-5] discussed measwa®sed to solve this problem. While for
three-phase three-limb transformer, zero-mode copoof the winding current can’t induce main
magnetic flux which completely circulating in there and the magnetic flux it produced have to
pass through transformer oil and oil tank. The egponding inductance is much less than the
excitation inductance, so the delta side circutptiarrent is no part of the excitation current fué t
three-phase three-limb transformer.

In this paper, based on the characteristics oftlinee-phase three-limb equivalent magnetic
circuit, the mathematical model to calculate theitaxion inductances of three-phase three-limb
transformer is established. The excitation indumancalculated have definite physical meanings
and can reflect the saturation condition of tramsfr core under inrush condition. Thus the
excitation inductances calculated can be used @mtiiy the inrush current of three-phase
three-limb transformer. The method proposed inphiser is verified by simulation.

Mathematical M odel of Three-Phase Three-Limb Transfor mer

For the two winding three-phase three-limb transfr showed in Fig.1, it's magnetic fluxes
distribution is showed in Fig.2 [6-10].
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Figure 1. Three-phase three-limb transformer A i 1

Figure 2. Magnetic fluxes distribution of
three-phase three-limb transformer

Uy, ias Uy, i, are primary and secondary winding voltages anddiwm currents of limb A.
Us, ig, U, i, are primary and secondary winding voltages andiwgn currents of limb B.u.,
ic, U, i, are primary and secondary winding voltages anddwg currents of limb C. Assume
primary and secondary windings have the same ufrmére number n.

o, % @, @, @ and ¢ are total fluxes passing through each winding eespely.
G B Bor Bar @, and g, are leakage fluxes which only passing through wimeling;
oa> @ and g, are leakage fluxes passing through the two wirgliogthe same limbyg,,

@ and g, are the main fluxes of every winding, which contgle passing through transformer
core. Taking winding A as an example, can be expressed as:
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O =GntGoa+ G 1)

@, can be divided into three parts: magnetic flgy, is produced by the windings of limb A,
magnetic flux g, is induced by windings of limb B, and magneticxfly,., induced by
windings of limb C. So (1) can be expressed as:

O =Gpn T Gon * Bopn T B T Brca (2)

The magnetic circuit ofg,,, @5, @ Is the zero-sequence magnetic circuit of the tplesse
three-limb transformer, which composes of transtarmwore, transformer oil and oil tank. Taking
limb A for example, ¢,, only passes through the two windings of limb A,&iitation current is
in+i, » and the corresponding inductance is the zero-segu&xcitation inductance of the
three-phase three-limb transformey. So ¢, can be expressed as:

Goa = Lo(ia +i,)

Neglect the equivalent resistors of copper lossesr® load losses. Based on electromagnetism
induction law and (2):

S PO PR IR (S TR 09 @)

dt d M od P dt T

iwm, i and i, in (3) are the differential winding currents ofcbaimb. Whereig, =i, +i, ,
i =ig *ip» g =ic +i. Ly IS the leakage inductance of primary winding.

La, Ly and L, are excitation instantaneous inductances correspgnegd main flux of
three-phase three-limb transformdr,, is self excitation inductance of windings aroumdd A,
L and L,. are mutual excitation inductances between windafgsfferent limbs.

@aa 1S the main flux produced by windings of limb Adaloops through limb B and limb C,
So@... IS divided into two partsig,, is the part passing through limb &, is the part passing
through limb C. L,,, L, and L,. can be defined by (4).

dGn
L., =
a " dida
d@s
L., =n 4
o g (4)
d
Lac =N d(ip::
Obviously g, @s, @ have the relationship:
Bron = (P + Orc) %)
So excitation inductances have the following relaship:
Lan = =(Lag *+ Lac) (6)

Appling excitation inductance relationship (6) 8) yields:

u, = La%"' Lo%"’ L d(ldbdt iga) Lo d('dcdt iga)
(7)
The above derivation can also be applied to winglmigimb A and limb B.
Les = —(Lag * Lgc) (8)
Lee = ~(Lac *+ Lec) (9)

=i, —igu, applying the relationship of (8) and (9) to lirBb

Denoté ., =g ~ig s igpe = o ~lde +lg
and limb C windings.

ca
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di, di digp iy
Uy = +Ly—=+ Ly, +L
ATl Ty dt " dt
d|B dig, diy, di,
+L, +lg—=+L = 10
L:L()' dt BB dt AB dt ( )
d| d| . diy, diy,
Ue =Ly dtc +L d tlee— 7 d Lec CT:

Equation (10) reflects the relatlonship betweendivig voltage and the winding currents of the
three-phase three-limb transformer.

Mathematical Model to Calculate Excitation Inductances of Three-Phase Three-Limb
Transformer

Equation (10) shows that each winding voltage @f tthree-phase three-limb transformer can be
divided into leakage magnetic fluxes induced vatagd main magnetic flux induced voltage. The
excitation current corresponding to the main flexthe subtraction between differential currents
from two different limbs.

With rated voltage and current as reference value,leakage inductance is less than 30%
generally, zero-sequence excitation inductancdasia30%~ 100%generally. While the excitation
inductance corresponding to the core magnetic iticaun reach up to 10000% when working under
unsaturated condition; even under saturated camditi is much larger than the leakage inductance.
Obviously it is the excitation currents correspagdio main fluxes which can reflect the saturation
state of the transformer core under inrush conditio

So (11) is applied as the mathematical model t@wutate excitation inductances of the
three-phase three-limb transformer.

di diy,
di e i gac
Us = Lgg % +tlag (;t (11)
Oigen o I8
=lec— > d BC%

The eXC|tat|on current corresponding to main magndiux of three-phase three-limb
transformer is the subtraction between currentfe(@ntial current of each limb) of two different
limbs, so the zero-mode current components areireied. This also shows that the zero-mode
current component is not part of excitation currehtthree-phase three-limb transformer, its
corresponding excitation inductances are leakadactance and zero-sequence inductance. This
character of three-phase three-limb transformdifisrent from three-phase bank.

For three-phase bank, the excitation current cparding to its main flux is the differential
current of each phase, which contains the zero-mumgeent component, so the delta side
circulating current is part of the excitation cunreWhen energized, the excitation inductance
corresponding to delta side circulating currenvesy large especially while the transformer core
works under unsaturated condition. When calculagingjtation inductance, considerate error may
be yielded when neglecting the delta side circatpturrent, and make it difficult to distinguish
inrush current from internal fault.

For three-phase three-limb transformer with wydad@onnection, the delta side circulating
current is no part of its excitation current, aravé limited effect when calculating excitation
inductances. In fact, line currents of delta siceethe subtractions between winding currents. Fig.3
shows the connection of a three-phase three-liarstormer with wye-delta connection, wheig

i,, i, are the line currents that can be measured oa dele. The relationship between winding
currents and line currents of delta side is giveli2).
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Figure 3. Current of the transformer with wye-dalbnnection
iIa = ia - ic
I =l 14 (12)
iIc = ic - ib
So the excitation currents of the transformer shbind=ig. 3 are:

P e VN P

g ~lge =1g ~lc ~yc (13)

idc _ida :iC _iA _ila

With the excitation currents expressed in (13), éixeitation inductances of the transformer
showed in Fig.3 can be calculated based on (11).

Using (11) to calculate the excitation inductanaesansformer is in fact neglecting the effect of
the leakage magnetic fluxes. Take winding A forregke. When the transformer core circular path
corresponding to the winding A main flux works undasaturated condition, the most flux passing
through winding A is main flux. So ignoring leakadjlexes only yields little error and the
calculated inductance has large value under tmdition. When the corresponding core loop works
in saturated state, the proportion of the leak&gee$ in the total flux is comparatively larger tha
unsaturated condition, so is the calculative epnbithe excitation inductances. However, the
excitation inductance parameters itself is verylsarader this condition, hundreds of times smaller
than unsaturated condition, so the values of theulzded excitation inductances are very small
even with relatively larger error.

Simulation

The transformer model used is the UMEC three-plfae-limb transformer model of simulation
software PSCAD/EMTDC. The rating capacity is 240MVWansform ratio 220kV/110kV no
load losses is 130kW, copper losses 600kW, zeroeseg excitation inductance is 0.6 per-unit
value, the length ratio of yoke/limb is 1.58. Thansformer core gets saturated at 1.1pu voltage.
Sampling frequency is 2000Hz. Least square methaddpted to calculate inductance parameters.

In order to verify the analysis of the delta sidewdating current when calculating the excitation
inductances of the three-phase three-limb trangorifror the same transformer model and same
switching angle of winding voltage, the excitatioductances are calculated under three energizing
conditions respectively.

Case 1:Wye-wye connected.

Case 2:Wye-delta connected, energized on wye ctinonesde.

Case 3:Delta-wye connected, energized on deltasobion side.
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Figure 4. Inrush currents on wye connection sidewitching Case 1

The winding connection of Case 2 and Case 3 iasdhe same as showed in Fig.3. So the
excitation currents are obtained according (12) tike switching cases above in fact are the same
to the transformer iron core although differentzero-mode current. So the calculated excitation
inductances should be the same under all threelsw conditions.

Fig.4 shows the inrush current in switching CaseFit).5 shows the calculated excitation
self-inductances of windings from each limb base@&guation (11).
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Figure 5. Instantaneous self inductances of ~ Figure 6. Inrush currents on wye side and
the transformer in switching Case 1 circulating current on delta side in switching

Case 2
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Figure 7. Instantaneous self inductances of @iestormer in switching Case 2

Fig.6 shows the inrush currents and delta sideulaitimg current in switching Case 2.

represents delta side circulating current. Fig.@wshthe calculated excitation inductances in this
case.

Fig.8 shows the inrush currents and delta sideulating current in switching Case 3. Where
iinea s e @Nd iz denote line currents on delta side (primary sié®).9 shows the calculated
self-inductances of windings from each limb in ttese.
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The simulation results above shows that when ernedlgithe transformer core woks under
unsaturated condition and saturated condition radterely, causing the instantaneous excitation
inductances vary drastically. The time cycle ofiataons is the same to winding voltage cycle.

Although the zero-mode currents are different fremech other in the three switching cases, the
instantaneous excitation inductances calculatea ibasically the same, indicating that the delta
side circulating current is no pat of the excitataurrent of three-phase three-limb transformed, an
has little effect when calculating excitation inthrces.
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Figure 8. Inrush current and circulating Figure 9. Instantaneous self inductances of the
current on delta side in switching Case 3 transformer in switching Case 3
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When internal fault occurs to the transformer, wheding currents and voltages don’t have the
relationship expressed in (10), and the excitaimmluctances calculated in this condition have no
physical meanings as under inrush condition. Gdlgef®6 turn-to-turn fault can yield 1 pu
differential current. In this paper, internal faol different degrees have been simulated and the
excitation inductances have been calculated respgctFig.10 shows the typical characteristics of
the calculated excitation inductances when intefaualt occurs to the winding of limb A no matter
which connection type is adopted. The simulatiogidates that when internal fault occurs, the
related excitation inductance have a very smalleavhich basically doesn’t change.
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Figure 10. Instantaneous self inductances ofrdresformer with limb A winding internal fault

The simulation results prove that when energizéd, éxcitation inductances of three-phase
three-limb transformer can be calculated usingntie¢hod proposed in this paper no matter which
connection type is adopted. The calculated indwetsuvary drastically with the saturation state of
transformer core. When internal fault occurs tottaasformer, the related parameter calculated has
very small value and little variation. The distioct between inrush and internal fault conditions is
very clear and can be applied to the three-phase4imb transformer protection.

Conclusions

In this paper, based on the magnetic charactezisticthree-phase three-limb transformer, the
relationship between excitation inductance corredpw to main fluxes is analyzed, and the
mathematical model to calculate excitation inducésnis established. The calculated inductance
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presents distinct different characteristics undeush and internal fault conditions and can be
applied to construct three-phase three-limb transfo inrush current identification scheme. The
proposed method can be applied to three-phase-linteeransformer with wye-delta connection

directly. The work presented in this paper hasaoertheoretical and practical value on the
application of excitation inductance based protectprinciple to the three-phase three-limb
transformer.
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